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Abstract
Several social-aware forwarding strategies have been recently intro-
duced in opportunistic networks, and proved effective in considerably in-
creasing routing performance through extensive simulation studies based
on real-world data. However, this performance improvement comes at the
expense of storing a considerable amount of state information (e.g, history
of past encounters) at the nodes. Hence, whether the benefits on routing
performance comes directly from the social-aware forwarding mechanism,
or indirectly by the fact state information is exploited is not clear. Thus,
the question of whether social-aware forwarding by itself is effective in im-
proving opportunistic network routing performance remained unaddressed
so far.
In this paper, we give a first, positive answer to the above question, by
investigating the expected message delivery time as the size of the net-
work grows larger. In order to make a fair comparison with stateless,
social oblivious forwarding mechanisms such as BinarySW, we introduce
a simple stateless, social-aware forwarding mechanism exploiting a notion
of similarity between individual interests. We then compare the asymp-
totic performance of interest-based forwarding with that of BinarySW
under two mobility scenarios, modeling situations in which node pairwise
meeting rates are independent of or correlated to the similarity of their in-
terests. We formally prove that, while asymptotic expected delivery time
of BinarySW is highly dependent on the underlying mobility model, with
unbounded expected delivery time in presence of correlated mobility, this
is not the case with interest-based forwarding, which provides bounded
expected delivery time with both mobility models. Thus, our findings for-
mally prove that social-aware forwarding, even when not exploiting state
information, has the potential to considerably improve routing perfor-
mance in opportunistic networks over traditional forwarding mechanisms.
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2Our theoretical results are qualitatively confirmed by a simulation-based
evaluation based on both a real-world trace and a synthetic (but realistic)
mobility model.
1 Introduction
Opportunistic networks, in which occasional communication opportunities be-
tween pairs or small groups of nodes are exploited to circulate messages, are
expected to play a major role in next generation short range wireless networks.
In particular, so-called pocket-switched networks (PSNs) [10], in which network
nodes are individuals carrying around smart phones capable of establishing di-
rect wireless communication links (through, e.g., Bluetooth interfaces), are ex-
pected to become widespread in a few years.
Since message exchange in opportunistic networks is based on the store-
carry-and-forward mechanism, a great deal of attention has been devoted in past
years to optimize the forwarding policy of routing protocols. More specifically,
upon occasional encounter between two network nodes A and B, the forwarding
policy is in charge of deciding, for each message M stored in A’s buffer, whether
to copy M into B’s buffer (and viceversa).
In recent years, several authors have proposed optimizing forwarding strate-
gies for PSNs based on the observation that, being these networks composed
of individuals characterized by a collection of social relationships, these social
relationships can actually be reflected in the meeting patterns between network
nodes. Thus, knowledge of the social structure underlying the collection of indi-
viduals forming a PSN can be exploited to optimize the forwarding strategy, e.g.,
favoring message forwarding towards “socially well connected” nodes. Routing
approaches along this line are, e.g., [4, 9, 13], where the authors use different
“social” metrics to improve end-to-end routing performance. For instance, in [4]
the authors use the notions of “ego-centric betweenness” and “social similarity”;
in [9], the authors propose the use of a social “centrality” metric; in [13], the au-
thors use a “social similarity” metric locally computed from the history of past
encounters. Recently, a social-based approach based on a notion of “ego-centric
betweenness” has been proposed also to optimize multicast performance [7].
While significant performance improvement of the above described approaches
over social oblivious approaches such as Epidemic [19] and Binary SW [16] has
been experimentally demonstrated, it is important to observe that all social-
aware routing approaches introduced so far share the need of storing a significant
amount of additional information in the node local memories, typically to keep
trace of past encounters and/or to store a part of the “social network” graph.
In other words, the approaches introduced in [4, 9, 13] are stateful approaches.
When comparing performance of stateful vs. stateless routing approaches such
as Epidemic and Binary SW, the effect of limited storage capacity at the nodes
should be carefully taken into account. In fact, in presence of bounded mem-
ory size, using storage for keeping a significant amount of state information
significantly reduces the amount of memory that can be used to buffer mes-
3sages circulating in the network, with a negative effect on routing performance.
Unfortunately, experimental performance investigations of existing social-aware
routing approaches [4, 9, 13] do not account for limited node memory size, thus
biasing the comparison. Summarizing, given the current state-of-the-art, it is
still not clear whether the evident advantages of social-aware over social obliv-
ious routing are due to a more effective forwarding mechanism by itself, or to
the fact that these protocols exploit a significant amount of state information
for making forwarding decisions.
Motivated by this observation, the goal of this paper is to provide a fair com-
parison between the routing performance achieved by simple social-aware and
social oblivious forwarding strategies. By fair, we mean that, differently from
all social-aware routing approaches introduced so far, our social-aware strategy
is stateless, i.e., it does not require storing a large amount of state information
at the node local memories. In particular, we are interested in characterizing
routing performance (expressed in terms of expected message delivery time) as
the size of the network grows larger, i.e., in asymptotic terms. Our interest
in asymptotic investigation is motivated by the fact that PSN size can easily
grow up to several thousands of nodes (think about the number of individuals
carrying a smart phone in a metropolitan area).
Our specific contributions are: i) the introduction of a simple stateless,
social-aware forwarding strategy based on a notion of similarity between indi-
vidual interests, which we call Interest-Based (IB) routing; ii) the derivation of
asymptotic routing performance of both IB and Binary SW routing under two
mobility scenarios, resembling situations in which meeting patterns between
nodes are (or are not) correlated to the similarity of their interests.
The major finding of this paper is that social-aware forwarding improves
routing performance in PSNs. More specifically, we prove that IB and Binary
SW routing has the same asymptotic performance when node meeting patterns
are oblivious to similarity of individual interests, while there exists an asymp-
totic performance gap between IB and Binary SW routing when node meeting
patterns are correlated to interest similarity. In particular, IB routing provides
upper bounded expected message delivery time in this mobility model, while the
expected delivery time with BinarySW routing is unbounded in this situation.
2 Motivation
The goal of this paper is to analyze the effects of social-aware forwarding de-
cisions on routing performance. In performing the analysis, decisions have to
be made regarding: i) the routing metric used to evaluate performance; ii) the
routing algorithms to be compared; and, iii) the considered mobility models.
2.1 Choice of the routing metric
In order to keep the analysis simple, in the following we make the choice of
characterizing routing performance in terms of expected message delivery time,
4i.e., the mean value of the random variable TM representing the time interval
elapsed between the time a message M is generated at the source node, and the
time at which M is first delivered to destination. This routing metric has been
used, e.g., in the analyses reported in [16, 17].
2.2 Choice of the routing algorithms
Concerning ii), a difficulty lies in the fact the all the social-aware routing and
information dissemination protocols for opportunistic networks we are aware of
heavily build upon the ability of storing control information, i.e., they are state-
ful approaches. Storage can be used to keep trace of history of past encounters
and/or to attempt to predict future meeting opportunities [2, 3, 4, 9, 11, 13]. On
the other hand, socially-oblivious routing protocols for opportunistic networks
such as epidemic [19], two-hops [8] and Spray and Wait [16] are stateless, i.e.,
they do not require storing additional information on the node buffers, which
are then exclusively used to store the messages circulating in the network. Fairly
comparing performance of stateless vs. stateful routing protocols is a complex
task, since it requires accounting for the limited buffer size in the analysis. In
fact, if node buffers are unlimited as typically assumed in opportunistic network
analysis [15, 16, 17], stateful approaches are clearly favored over stateless ones,
since forwarding decisions can be based on a richer set of information. However,
in practice buffer sizes are limited, and using storage to keep the state reduces
the amount of memory that can be used to store messages circulating in the
network.
In order to isolate the effects of different forwarding decisions (namely, social-
aware and social-oblivious decisions) on routing performance from the contri-
bution of maintaining a state, in this paper we define a simple stateless, social-
aware routing protocol, which we call Interest-Based(IB) routing. IB routing
builds upon the assumption, qualitatively observed in sociological studies [14],
that individuals with common interests tend to meet with each other more often
than with individuals with diverse interests. Interest-based information dissem-
ination has been used in [3] to improve performance of a publish subscribe
system. However, the approach of [3] is stateful, hence cannot be directly used
to our purposes.
The high-level idea of IB routing is to succinctly representing the interests
of each individual composing the network using an interest profile, and to use
the notion of similarity between individual interest profiles to drive message
forwarding. In particular, when two nodes A and B come into each other range,
they exchange their respective interest profile and locally compute a similarity
metric between the encountered node’s interest profile and the interest profiles
of the destinations of the messages stored in the local buffer. Based on the
outcomes of these comparisons, some message stored in A’s buffer can be copied
into B’s buffer, and/or viceversa. Note that implicit in the IB routing approach
is the fact that a node S generating a message M for a certain destination node
D knows D’s interest profile. Conceptually, this is equivalent to the standard
assumption that S knows D’s address when sending M , i.e., we can think of
5D’s interest profile as her/his address in the network1.
Note that IB routing is a stateless approach, since interest profiles of en-
countered nodes are stored only for the time needed to locally compute the sim-
ilarity metrics, and discarded afterwards. Although stateless, IB routing indeed
requires storing a limited amount of extra information in the node’s memory
besides messages, namely the node’s interest profile, and the interest profile of
the destination for each stored message. However, under the reasonable assump-
tion that interest profiles can be compactly represented using a number of bits
which is independent of the number n of network nodes, the additional amount
of storage requested on the nodes is O(1), i.e., it is a constant which does not
depend on n. On the other hand, stateful approaches such as [2, 3, 4, 9, 11, 13]
require storing an amount of information which is at least proportional to the
number of nodes in the network, i.e., it is O(n) (in some cases it is even O(n2)).
Thus, comparing IB routing with a socially-oblivious routing protocol can be
considered fair (in asymptotic sense) from the viewpoint of storage capacity.
Based on this observation, in the following we will make the standard assump-
tion that node buffers have unlimited capacity [15, 16, 17], which contributes to
considerably simplifying the analysis.
As for the socially-oblivious routing protocol, we consider Binary Spray and
Wait (Binary SW) [16], which has been proved in [16] to be optimal within the
class of spray and wait routing algorithms. Furthermore, there is wide agreement
in the literature based on extensive simulation results that Binary SW often
provides the best compromise between communication overhead (measured in
terms of total number of messages circulating in the network) and message
delivery time.
Summarizing, the goal of our analysis is to compare, as fairly as possi-
ble for what concerns storage capacity, the performance of a stateless, social-
aware routing protocol with the commonly considered best performing, socially-
oblivious routing protocol. In Section 8 we validate empirically the obtained
analytical results.
2.3 Choice of the mobility models
Similar to most analytical works on opportunistic networks [15, 16, 17, 20], in
our analysis we do not make any assumption about nodes following a specific
mobility model. Rather, we make assumptions about the meeting rates between
individuals composing the network. Since the routing protocols considered in
our analysis are based on deterministic forwarding rules (i.e., a certain message
is either exchanged between two nodes upon their first encounter, or it will
not be exchanged at successive encounters), the mobility metric relevant to our
purposes is the expected meeting time, which is formally defined as follows:
Definition 1. Consider two nodes A and B in the network, moving in a bounded
region R according to some mobility model M. Assume that at some time
1Technically speaking, a node’s interest profile cannot be directly used as address since
uniqueness of node IDs in principle cannot be guaranteed.
6instant t = 0 both A and B are independently distributed in R according to the
stationary node spatial distribution of model M, and that A and B have a fixed
transmission range r. The first meeting time MT between nodes A and B is the
r.v. corresponding to the time interval elapsing between t = 0 and the instant
of time at which nodes A and B first come into each other transmission range.
The expected meeting time is the expected value of r.v. MT .
As commonly accepted in the oppportunistic network analysis literature [15,
16, 17, 20], in the following we assume that MT is an exponentially distributed
r.v. with a certain rate λ, which implies that E[MT ] = 1λ . The fact that MT
is an exponentially distributed r.v. has been formally proved for some synthetic
mobility models such as random walk and random waypoint [18], and at least
partially validated2 for some real-world mobility traces [12].
Consider a network composed of n nodes, and denote by N the set of nodes.
So far, opportunistic networks have been analyzed under the assumption that,
for any two A,B ∈ N , the rate of r.v. MTAB representing the first meeting
time between A and B is fixed to a constant value λ > 0, independently of the
identity of nodes A and B. This corresponds to the situation in which node
mobility is not influenced by the social relationships between A and B, and for
this reason we call the case of constant meeting rate between nodes the social
oblivious mobility scenario.
In our analysis, we consider also a mobility scenario in which node mobil-
ity is indeed influenced by their social relationships. In particular, we define
the interest-based mobility scenario as one in which the rate of exponential r.v.
MTAB depends on the similarity of the interest profiles corresponding to nodes
A and B, i.e., λAB = k · sim(A,B) + δ, where sim() is a metric used to ex-
press similarity between A’s and B’s interest profiles, δ = δ(n) > 0 is a term
accounting for the fact that occasional meetings can occur also between perfect
strangers, and k > 0 is a parameter modeling the intensity of the interest-based
mobility component3. Observe that we have modeled δ as a function of n since
it seems reasonable to assume that the likelihood of having occasional meet-
ings between a specific pair of “strangers” in the network is a function of the
number of nodes in the network (in general, we might expect that δ(n) is a
non-increasing function of n).
Summarizing, the goal of our analysis is to evaluate the expected message de-
livery time of both Binary SW and IB routing in presence of social oblivious and
interest-based mobility as the size n of the network increases, in order to charac-
terize the relative asymptotic performance of the two routing approaches under
different mobility scenarios. In particular, the specific question we attempt to
answer is whether stateless, social-aware routing provides some asymptotic per-
formance advantage over social-oblivious routing and, if the answer is yes, under
what network and mobility conditions this advantage is displayed.
2For some of these traces, a mixed power law and exponential distribution (for the tail) of
the inter-meeting time between nodes has been observed.
3Note that setting k = 0 would make this model equivalent to the case of social oblivious
mobility.
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Figure 1: An example of network with 3 possible interests and 2 individuals.
3 The Interest Space
In this paper, we model node interests as points in an m-dimensional unit cube
C, called the interest space (see Figure 1). Formally C = [0, 1]m, where m is
the total number of interests in the network under consideration4. Interests are
intended in a broad sense in our approach, and might represent degree of interest
in a certain topic (e.g., cinema, literature, etc.), the fact that an individual
belongs to a certain physical or virtual community (e.g., living in a certain
neighborhood, member of a Facebook interest group, etc. ), and so on. Note
that each specific interest is represented as a real number in the [0, 1] interval,
thus allowing expressing a “degree of interest” in a certain topic (modeled as a
real number), as well as community membership (modeled as a 0/1 value). Thus,
the interest-profile of a node A corresponds to its m-dimensional coordinate in
the interest space. For instance, in Figure 1 individual A is very much interested
in opera and cinema, and only moderately interested in rock music. Individual
B instead is very much interested in rock music, and mildly interested in both
opera and cinema.
It is important to observe that, while nodes are assumed to move around
according to some mobility model M giving rise to exponentially distributed
meeting times between pair of nodes, node coordinates in the interest space
(i.e., their interest profiles) do not change over time. This is coherent with
what happens in real world, where individual interests change with a much
larger time scale (months/years) than that needed to exchange messages within
the network. Thus, when focusing on a single message delivery session, it is
reasonable to assume that node interest profiles correspond to fixed points in
the interest space.
4Observe that, typically, m  n. For presentation purposes, in some parts of the proofs
we shall assume m ∈ Θ(1). However, all the presented results remain valid as long as m n.
8To express similarity between individual interests, we use the well-known
cosine similarity metric [5], which measures similarity between two points A
and B in a certain vectorial space as the cosine of the angle αAB between the
vectors corresponding to A and B (see Figure 1). Note that, given the definition
of interest space, 0 ≤ cosαAB ≤ 1 in our model, with higher values of cosαAB
corresponding to a higher “homophily degree” (similarity in interests and habits
[14]) between individual A and B.
4 Network model
We have a network composed of n + 2 mobile individuals, called nodes in the
following: a source node S, a destination node D, and n potential relay nodes
R1, . . . , Rn. Slightly abusing notation, in the following we use S, D, or Ri to
denote both a node, and its coordinates in C. In the following, we are interested
in characterizing the dynamics related to delivery of a message M sent by node
S, and destined to a specific node D within the network.
We consider two possible mobility scenarios:
– social oblivious mobility: the first meeting time between any two nodes
A,B ∈ {S,D,R1, . . . , Rn} is an exponentially distributed r.v. with rate
λ > 0, where λ is a constant and does not depend on A and B.
– interest-based mobility: the first meeting time between any two nodes
A,B ∈ {S,D,R1, . . . , Rn} is an exponentially distributed r.v. with rate
λAB = k · cosαAB + δ(n), where αAB is the angle between the vectors
representing A and B in C. Note that δ(n) in general is at most a small
positive constant (much smaller than λ), but we are especially interested
in the case when δ(n) tends to 0 as n→∞: δ(n) corresponds to a meeting
by chance, and, as n grows, the probability of such a meeting by chance
decreases. To simplify notation, in the following we simply write δ instead
of δ(n), with the convention that δ is indeed a function of n.
In the following sections we first consider the simplest possible instance of
multi-copy routing [16], i.e., one in which at most two copies of the message can
circulate in the network and in which at most one intermediate hop can be used
for routing. In Section 9 we will then consider generalizations to ` hops and q
copies of messages.
Considering that the source node typically keeps a copy of the message for
itself, in this situation the only forwarding decision to be taken is for node S
to decide to whom deliver the additional copy of the message it is allowed to
forward. As we shall see, the benefits of social-aware forwarding are apparent
even in presence of this single forwarding decision.
Two possible routing strategies are considered when sending the message
from S to D:
– FirstMeeting: S is allowed to generate two copies of M ; S always keeps
a copy of M for itself. Let Rj be the first node met by S amongst nodes
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Figure 2: Node S and D in the unit sphere, and random choice of the angles
between nodes: first, angle αi is chosen uniformly at random in [0, pi/2]; then,
a point Ri is chosen uniformly at random in the (m − 1)-dimensional space
obtained by fixing angle αi w.r.t. node S.
{R1, . . . , Rn}. If Rj is met before node D, the second copy of M is de-
livered to node Rj . From this point on, no new copy of the message can
be created nor transfered to other nodes, and M is delivered to D when
the first node amongst S and Rj gets in touch with D. If node D is met
by S before any of the Ri’s, M is delivered directly to destination and
no message forwarding is needed. This routing protocol is named Source
Spray and Wait in [16], and it is indeed equivalent to Binary SW given
the assumption that only two copies of the message can be generated.
– InterestBased: IB(γ) routing is similar to FM, the only difference be-
ing that the second copy of M is delivered by S to the first node Rk ∈
{R1, . . . , Rn} met by S such that cos(Rk, D) ≥ γ, where γ ∈ [0, 1] is a
tunable parameter. Note that, since the maximum angle between any two
nodes in C is pi2 , IB(0) is equivalent to FM routing. If it happens that after
time n still no node in {R1, . . . , Rn} satisfying the forwarding condition is
encountered, then the first relay node meeting S after time n is given the
copy of M independently of similarity between interest profiles.
Observe that the communication overhead of the two studied routing proto-
cols is purposely kept equal, since only two copies of the message are allowed to
circulate in the network in both cases. Again, this choice is motivated by the
need of isolating the specific contribution of social-aware message forwarding on
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the resulting routing performance.
5 Preliminaries
To simplify the analysis, in the following we assume that nodes, when repre-
sented as vectors in the interest space C, have unit norm. This is equivalent
to assume nodes are represented as points in the positive orthant of the m-
dimensional unit sphere S. Again slightly abusing notation, in the following we
use S, D, or Ri to denote both a node, and its coordinates in S. Since in our
analysis we are interested in analyzing the worst-case performance of certain
routing strategies, S and D are assumed to be orthogonal to each other, i.e.,
cosαAB = 0. By a suitable rotation of the coordinate system we can assume
w.l.o.g. that S has coordinates (1, 0, . . . , 0) (that is, all m coordinates except
for the first one are 0), and D has coordinates (0, 1, 0 . . . , 0) (all m coordinates
except for the second one are 0) – see Figure 2. We assume that the angles
between S and any element in {R1, . . . , Rn} (i.e., the positions of R1, . . . , Rn)
are chosen uniformly at random and independently from the positive orthant of
the unit sphere.
More precisely, first for any Ri, ∠(S,Ri) is chosen uniformly at random from
[0, pi/2] (that is, we cut out an (m − 1)-dimensional subspace), and then from
all unit vectors in the intersection of the positive orthant of the m-dimensional
sphere with that (m − 1)-dimensional subspace one vector is chosen uniformly
at random (see Figure 2). Notice that for m ≥ 3 this distribution does not
correspond to the uniform distribution over the sphere anymore since points
with an angle close to 0 with S are favoured over points that make a big angle
with S.
Denote by TFM (respectively, TIB(γ)) the random variable corresponding to
the time at which message M is first delivered to the destination, assuming FM
(respectively, IB(γ)) routing. Furthermore, in the following we use superscript
so to denote the value of the random variable TX in presence of social oblivious
mobility, and superscript ib to denote the same value in presence of interest-
based mobility. Our goal in the following is to compute E[T aX ] under both
independent and interest-based mobility, a ∈ {so, ib}, X ∈ {FM, IB(γ)}. For
both algorithms and both mobility models we will consider the following two
random variables: T1 is the random variable counting the time it takes for S to
meet the first node in the set R = {D,R1, . . . , Rn}; T2 is the random variable
defined as follows. It takes value 0 if the first node in the set R met by S is
D. Otherwise, assume this first node is Rj . Then, T2 is the random variable
counting the time, starting at T1, it takes for the first between S and Rj to
meet D.
We will use the following well-known properties of exponentially distributed
random variables:
Fact 1. Given a set of n independent exponentially distributed random variables
X1, . . . , Xn with parameters λ1, . . . , λn, let Xm = min{X1, . . . , Xn} denote the
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first order statistic of the n variables. Then, Xm is an exponentially distributed
random variable with rate parameter λm =
∑n
i=1 λi.
Fact 2. Given X1, . . . , Xn and Xm as above, for each j = 1, . . . , n,
Prob(Xm = Xj) =
λj∑n
i=1 λi
.
6 First Meeting routing
In this section, we evaluate E[TFM ] under both independent and interest-based
mobility.
6.1 Social oblivious mobility
For the sake of completeness, we include the derivation of E[T soFM ] under social
oblivious mobility, which can be easily done along the lines of [16]. Clearly,
since the meeting processes between S and any other node are independent
can be modeled as exponentially distributed random variables with the same
rate parameter λ, by Fact 1, the time for node S to meet the first node in
set R = {D,R1, . . . , Rn} is itself an exponentially distributed r.v. with rate
parameter (n+ 1)λ. Thus, E[T1] = 1(n+1)λ . With probability 1/(n+ 1), the first
node met by S is D, and M is delivered to destination. On the other hand,
with probability n/(n+1), starting from time T1 we have two nodes (S and Rj)
carrying a copy of message M . By the same argument as above, E[T2] = 12λ .
Putting everything together, we can conclude that:
E[T soFM ] =
1
λ(n+ 1)
1
n+ 1
+
(
1
2λ
+
1
λ(n+ 1)
)
n
n+ 1
,
which converges to 12λ , as n→∞. That is, the expected message delivery time
in very large networks converges to a positive constant. We summarize this
result in the following proposition:
Proposition 1. E[T soFM ] = 12λ (1 + o(1)).
6.2 Interest-based mobility
Consider now the case that FM routing is used in presence of IB mobility. The
difficulty in performing the analysis stems from the fact that, under IB mobility,
the rate parameters of the exponential r.v.s representing the first meeting time
between S and the nodes in set R are random variables themselves.
Denote by αi the random variable representing the angle between node S
and Ri in S, and by λi = k cosαi + δ the random variable corresponding to
the meeting rate between S and Ri. Recall that we assume that S and D are
orthogonal, and that the αis are distributed uniformly at random. Hence, the
probability density for any αi to attain any value x ∈ [0, pi/2] is 2/pi.
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In order to make results in case of social oblivious and interest-based mobility
comparable, we first derive the expected value of λi, and set the normalization
constant k in such a way that E[λi] = λ. We have
E[λi] =
∫ pi/2
0
2
pi
(k cos(α) + δ)dα =
2k
pi
+ δ, (1)
and thus k = pi2 (λ− δ).
To compute E[T1] exactly, we have to consider an n-fold integral taking into
account all possible positions of the nodes R1, . . . , Rn in the interest space
5.
Since T1, as we will see shortly, is asymptotically negligible compared with T2,
we use the trivial lower bound of δ on the rate of the r.v.s corresponding to the
first meeting time between S and any other node, and thus E[T1] ≤ 1nδ . For
the same reason, computing T2 exactly also seems difficult, but we give a lower
bound on E[T2] in the following lemma.
Lemma 1. Under the above assumptions, for some constants c, c′ > 0
E[T2] ≥ min{c log(1/δ)), c
′n
log n
}.
Proof. In the following, We assume that δ = ω(log n/n). If δ is smaller,
we can couple the model with some other δˆ = ω(log n/n)) and we obtain a
new stochastic process whose meeting time T2 is stochastically bounded from
above by the meeting time T2 of the original model. Moreover, we analyze the
intensity (rate parameter) of the first meeting process between the first nodes
Rf meeting S (assumed to be different from D) and D, since this intensity
is always greater than or equal to the intensity of the corresponding process
between S and D (recall that S and D are orthogonal in the interest space,
hence they have minimal pairwise meeting rate).
Now, partition the interval [0, pi/2] into subintervals I1, . . . , Ipi/(2δ) of length
δ. Denote by Xi the r.v. corresponding to the number of points in the i-th
subinterval. Clearly, for any fixed i, E[Xi] = n2δpi = ω(log n). Furthermore, for
any  > 0, by Chernoff bounds, P[Xi ≤ (1 − )E[Xi]] ≤ n−100, and P[Xi ≥
(1 + )E[Xi]] ≤ n−100. Taking a union bound over all Θ(1/δ) ≤ n intervals,
we see that, with probability at least 1− n−98, the above property holds in all
subintervals.
Consider now the random variable λm =
∑n
i=1 λi, corresponding to the rate
parameter of the r.v. representing the first meeting time between node S and
the first node in R − {D} met by S (call it Rf ). Recalling equation (1), by
linearity of expectations we have E[λm] = n( 2kpi + δ), and by Theorem A.1.15
of [1], P[λm ≥ (1 + ν)n( 2kpi + δ)] = P[λm ≥ (1 + ν)E[λm]] ≤ n−100. Thus, with
probability at least 1−n−100, the rate parameter λm is at most (1+ν)n( 2kpi +δ).
Hence, with probability at least 1 − n−97, in all subintervals of length δ the
5Recall that we are considering here the fixed, but randomly chosen, position of a node’s
interest profile in the interest space, not its physical position, which depends on the mobility
model M.
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number of nodes Xi is within (1 ± )E[Xi], and the rate parameter λm is at
most (1 + ν)n( 2kpi + δ). Since in this lemma we are only interested in a lower
bound on E[T2], we condition now under this event, call it F1. Observe that the
rate parameter of the first meeting r.v. between a node in the ith subinterval and
S is at least k cos(iδ) + δ. Let Ii denote the set of rate parameters belonging
to the i-th sub-interval of [0, pi/2], and let λmi =
∑
j∈Ii λj . Applying again
Theorem A.1.15 of [1], for each subinterval i with probability at least 1−n−100,
we have:
λmi ≥ (1− η)(1− )nδ2
pi
(k cos(iδ) + δ) ,
where η and  are arbitrarily small positive numbers, and we also condition on
this event, call it F2. Hence, by Fact 2, conditioned on F1 ∧F2, the probability
that node Rf belongs to the i-th subinterval is at least:
2δn(1− η)(1− )(k cos(iδ) + δ)/pi
(1 + ν)n(2k/pi + δ)
.
Observe also the following: if a node belongs to the ith subinterval, then the
rate parameter of the r.v. corresponding to the first meeting time between such
a node and D is at most k cos(pi/2−iδ)+δ ≤ (ki+1)δ. Denote by Xi denote the
event that the node Rf belongs to interval i. Take now a time interval of length
1
(ki+1)δ . Denote by Ei the event that the first meeting time between node Rf
and D is larger than 1(ki+1)δ . Since the rate parameter of any node belonging
to the ith interval and D is at most 1, we have P[Ei|Xi] ≥ e−1. Conditioning
under Ei|Xi, the meeting time is at least 1(ki+1)δ . Hence we obtain for the total
meeting time
E[T2] ≥
2/(piδ)∑
i=1
E[T2|Xi]P[Xi]
≥
2/(piδ)∑
i=1
E[T2|Xi ∧ Ei]P[Xi]P[Ei|Xi]
≥
2/(piδ)∑
i=1
(
2δn(1− )(1− η)(k cos(iδ) + δ)/pi
(1 + ν)n(2k/pi + δ)
1
(ki+ 1)δ
e−1
)
.
For i ≤ 2/(100δ), we have cos(iδ) ≥ 1/2, and the previous sum gives at least
c0
∑2/(100δ)
i=1
1
i for some c0 > 0. Thus, E[T2] = Ω(log(c2/δ)), for some c, c > 0. 
Theorem 1. E[T ibFM ] ≥ min{Ω(log(1/δ)),Ω(n/ log n)}.
Proof. We observe that the angle between S and D is at least as big as the
angle between S and any node Ri: thus, i) the probability that the first node
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met by S is different from D is at least nn+1 ; and ii), with probability at least
1
2 , Ri will meet D before S meets D. Thus,
E[T ibFM ] ≥ (1−
1
n+ 1
)
1
2
min{c log(1/δ), c
′n
log n
},
which is min{Ω(log(1/δ)),Ω(n/ log n)}. 
Thus, in case of interest-based mobility, the expected delivery time of the FM
routing algorithm tends to infinity as soon as δ = δ(n) = o(1).
7 Interest-based routing
We now consider the case of IB routing, starting from the case of independent
mobility. We will set γ := 0.29m−1 and prove all results for this value of γ. We
note that other values of γ ∈ (0, 1) would do as well, but we fix this value for
simplicity.
7.1 Social oblivious mobility
Observe that, in the case of social oblivious mobility, the FM routing algorithm
clearly performs better than any other algorithm in expectation. We now show
that E[T soIB(γ)] = O(1) for any γ = Θ(1) and m = Θ(1), i.e., that FM and
IB routing provide the same asymptotic performance in case of social oblivious
mobility.
Theorem 2. E[T soIB(γ)] =
1
2λ (1 + o(1)).
Proof.[Sketch] Denote by Nf the random variable counting the number of
points Ri making an angle at most arccos γ with D. By Lemma 2 below (which
requires an additional condition on the angles not needed here, but since this
affects only T1 which is asymptotically not important, we can apply it), with
probability at least 1− e−Θ(n), for any ν > 0, Nf ≥ (1− ν)n 14(m−1) . Denote by
E the event that Nf has at least this size. Then, since E[T1] = E[T1|E ]P[E ] +
E[T1|E¯ ]P[E¯ ], and by construction of the algorithm E[T1] ≤ n(1 + 1δn ) always
holds, E[T1|E ] is the dominating contribution. Clearly E[T1|E ] = O(1/n), which,
combined with the fact that P[E¯ ] ≥ 1 − e−Θ(n), implies that E[T1] = O(1/n).
Also, as in the case of the FM routing algorithm, E[T2] = 12λ and, by the same
analysis as in the FM routing algorithm, E[T soIB ] = 12λ (1 + o(1)). 
7.2 Interest-based mobility
We first consider the case of IB(γ) routing in presence of interest-based mobility.
Recall that we use γ = 0.29m−1 . Denote by Nf the random variable counting the
number of points Ri satisfying the forwarding condition, i.e., making an angle
at most arccos γ with D and at the same time making an angle arccos 3pi8 with
S.
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Lemma 2. With probability at least 1 − e−Θ(n), for any ν > 0, Nf ≥ (1 −
ν)n 14(m−1) .
Proof. Since with probability 14 , the angle between S and an arbitrary in-
termediate node Ri is between
pi
4 and
3pi
8 , with that probability cos∠(S,Ri) ≤
1/
√
2. Since we assumed S to have coordinates (1, 0, . . . , 0), this means that
in that case
∑
j 6=1(Ri)j ≥
∑
j 6=1((Ri)j)
2 ≥ 1 − 1√
2
≥ 0.29. Since among all
positions making the same angle with S all have the same probability to occur,
with probability at least 1m−1 , the value at the second coordinate is at least a
0.29
m−1 = γ. Thus, with probability at least
1
4(m−1) , cos∠(Ri, D) ≥ γ, or equiv-
alently, ∠(Ri, D) ≤ arccos γ. Hence, E[Nf ] ≥ n 14(m−1) . Since the positions
of all nodes Ri are chosen independently, by Chernoff bounds, for any ν > 0,
P[Nf ≤ (1− ν)E[Nf ]] ≤ e−Θ(n), and the statement follows. 
Now, define E the event that Nf ≥ 0.99n 14(m−1) , which holds, by Lemma 2,
with probability at least 1− e−Θ(n).
Lemma 3. E[T1] = O(1/n).
Proof. With event E as defined above, we can write
E[T1] = E[T1|E ]P[E ] + E[T1|E¯ ]P[E¯ ].
If E holds, by Fact 1 the rate parameter of the exponential r.v. corresponding
to the first meeting time between S and the Nf nodes satisfying the forward-
ing condition is at least cn(k arccos( 3pi8 ) + δ) (for some constant c > 0). Thus,
E[T1|E ] = O(1/n), and E[T1|E ]P[E ] = O(1/n) . On the other hand, if E does
not hold, then E[T1|E¯ ] ≤
(
n+ 1δn
)
, since after time n the first node meeting S
is chosen. Since P[E¯ ] = e−Θ(n), the contribution of E[T1|E ] is the dominating
one and the lemma follows. 
Lemma 4. E[T2] ≤ cγ/m for some constant c > 0.
Proof. If E holds, denote by F the event that in a time interval of length n
at least one of the Nf nodes satisfying the forwarding condition meets S. Hence
we can write
E[T2] = E[T2|E ∧ F ]P[E ∧ F ] +
+ E[T2|E ∧ F¯ ]P[E ∧ F¯ ] + E[T2|E¯ ]P[E¯ ]
Observe that P[F¯ ] ≤ e−n2 . Also, as shown before, P[E¯ ] ≤ e−n. If both E and F
hold, then by construction, the angle between the node Ri chosen in the first step
and D is at most arccos γm−1 , and thus the rate parameter of the first meeting
time between Ri and D is at least k
γ
m−1 . Therefore, E[T2|E ∧F ] ≤ m−1γk = Θ(1).
Since in all cases E[T2] can be bounded from above by 12δ , the case where bothE and F hold is the dominating contribution and the statement follows. 
Thus we have proven the following theorem:
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Experimental data set Infocom 06
Device iMote
Network type Bluetooth
Duration (days) 3
Granularity (sec) 120
Participants with profile 61
Internal contacts number 191,336
Average Contacts/pair/day 6.7
Table 1: Detailed information on the Infocom 06 trace.
Theorem 3. For some constant c > 0 and any 0 < γ < 1, E[T ibIB(γ)] ≤ cγ/m.
8 Simulations
In the previous section, we have formally proved the asymptotic benefits of
interest-based over social-oblivious routing in presence of interest-based mobil-
ity. In this section, we show through simulations that these benefits are visible
also in practical size networks, and when source/destination nodes do not neces-
sarily have orthogonal interests. In other words, in our simulation-based evalua-
tion we consider the average-case scenario for what concerns source/destination
interest similarity, as opposed to the worst-case perspective taken in the theo-
retical analysis. Simulation-based evaluation is based on both real-world and
synthetic traces.
8.1 Real-world trace based evaluation
A major difficulty in using real-world traces to validate our theoretical results
is that the for the vast majority of them no information about user interests
is available, making it impossible to realize IB routing. One of the few excep-
tions is the Infocom 06 trace [9], which has been collected during the Infocom
2006 conference. This data trace contains, together with contact logs, a set of
user profiles containing information such as nationality, residence, affiliation,
languages spoken, etc. Details on the data trace are summarized in Table 1.
Similarly to [?], we have generated 0/1 interest profiles for each user based
on the corresponding user profile. Considering that data have been collected in
a conference site, we have removed very short contacts (less than 5min) from
the trace, in order to filter out occasional contacts – which are likely to be
several orders of magnitude more frequent that what we can expect in a non-
conference scenario. Note that, according to [?], the correlation between meeting
frequency of a node pair and similarity of the respective interest profiles in the
resulting data trace (containing 53 nodes overall) is 0.57. Thus, the Infocom 06
trace, once properly filtered, can be considered as an instance of interest-based
mobility, where we expect IB routing to be superior to FM routing.
In order to validate this claim, we have implemented both FM and IB rout-
ing. We recall that in case of FM routing, the source delivers the second copy
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Figure 3: Difference between average packet delivery delay with FM and IB
routing with the Infocom 06 trace as a function of the message TTL.
of its message to the first encountered node, while with IB routing the second
copy of the message is delivered by the source to the first node whose interest
similarity with respect to the destination node is at least γ. The value of γ has
been set to 0.29/(m − 1) as suggested in the analysis, corresponding to 0.0019
in the Infocom 06 trace. Although this value of the forwarding threshold is very
low, it is nevertheless sufficient to ensure a better performance of IB vs. FM
routing (see below).
The results obtained simulating sending 5000 messages between randomly
chosen source/destination pairs are reported in Figure 3. For each source/destination
pair, the message is sent with both FM and IB routing, and the correspond-
ing packet delivery time are recorded. Experiments have been repeated using
different TTL (TimeToLive) values of the generated message. Figure 3 reports
the difference between the average delivery time with FM and IB routing, and
shows that a lower average delivery time is consistently observed with IB rout-
ing, thus qualitatively confirming the theoretical results derived in the previous
section.
8.2 SWIM-based evaluation
The real-world trace based evaluation presented in the previous section is based
on a limited number of nodes (53), thus cannot be used to validate FM and
IB scaling behavior. To this purpose, we have performed simulations using
the SWIM mobility model [?], which has been shown to be able to generate
synthetic contact traces whose features very well match those observed in real-
world traces. Similarly to [?], the mobility model has been modified to account
for different degrees of correlation between meeting rates and interest-similarity.
We recall that the SWIM model is based on a notion of “home location” assigned
to each node, where node movements are designed so as to resemble a “distance
from home” vs. “location popularity” tradeoff. Basically, the idea is that nodes
tend to move more often towards nearby locations, unless a far off location is
very popular. The “distance from home” vs. “location popularity” tradeoff is
tuned in SWIM through a parameter, called α, which essentially gives different
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Figure 4: Difference between average packet delivery delay with FM and IB
routing with SWIM mobility in the NIM and IM scenario, as a function of the
message TTL.
weights to the distance and popularity metric when computing the probability
distribution used to choose the next destination of a movement. It has been
observed in [?] that giving preference to the “distance from home” component
of the movement results in highly realistic traces, indicating that users in reality
tend to move close to their “home location”. This observation can be used to
extend SWIM in such a way that different degrees of interest-based mobility
can be simulated. In particular, if the mapping between nodes and their home
location is random (as in the standard SWIM model), we expect to observe
a low correlation between similarity of user interests and their meeting rates,
corresponding to a social-oblivious mobility model. On the other hand, if the
mapping between nodes and home location is done based on their interests, we
expect to observe a high correlation between similarity of user interests and
their meeting rates, corresponding to an interest-based mobility model.
Interest profiles have been generating considering four possible interests
(m = 4), with values chosen uniformly at random in the [0, 1] interval. In case
of interest-based mobility, the mapping between a node interest profile and its
“home location” has been realized by taking as coordinates of the “home loca-
tion” the first two coordinates of the interest profile. In particular, in the follow-
ing we present simulation results referring to scenarios where correlation between
meeting rate and similarity of interest profiles is -0.014 (denoted Non-Interest
based Mobility – NIM – in the following), and 0.52 (denoted Interest-based
Mobility – IM – in the following), respectively. We have considered networks
of size 250 and 1000 nodes in both scenarios, and sent 105 messages between
random source/destination pairs. The results obtained for different TTL values
are reported in Figure 4. In both scenarios, the value of γ was set to 0.35.
As seen from the figure, simulation results confirm the trends characterized
in the analysis presented in the previous sections: with NIM mobility, FM
routing tends to perform better than IB routing (negative values in the plot),
especially for networks composed of 250 nodes. The situation is reversed in the
IM scenario: in this case, IB routing outperforms FM routing (positive values
in the plot). As predicted by the analysis, the performance improvement of IB
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over FM routing becomes relatively larger for relatively larger networks.
9 Extensions
We now show how to extend the previous analysis to ` hops and q copies.
Indeed, in this section we will consider a variation of the FM routing protocol
for the case of interest-based mobility, which we call FM*. In this variation, we
assume that the message is forwarded between two nodes only if the new node
(its interest profile) is closer (i.e., more similar) to the destination. Also, we
assume that if a node has already forwarded the message to a set of nodes, then
it will forward the message only to nodes which are closer to the destination
than all the previous ones. Clearly, FM* performs better than FM routing in
presence of interest-based mobility, since it at least partially account of similarity
of interest profiles when forwarding messages. Note that the difference between
FM* and IB routing is that, while in the latter a minimum similarity threshold
between potential forwarder and destination must be met, in the former even
a tiny improvement of similarity w.r.t. destination of the potential forwarder
with respect to current forwarders is enough to forward the message. In this
respect, FM* somewhat resembles delegation forwarding [6].
First, we observe that, for any mobility model and any routing algorithm,
it is clear that the expected meeting times of ` > 2 hops and q > 2 copies are
always at most as large as the expected meeting times of the case of 2 copies
and 2 hops. Thus, upper bounds on the asymptotic performance provided by IB
routing remains valid also for `, k > 2. We now show that, even allowing more
copies and/or hops and a smarter forwarding strategy (the FM* approach), the
expected meeting time of FM routing in both mobility models does not improve
asymptotically.
For presentation purposes, in the following we will exploit the well known
relation between Poisson point processes and exponentially distributed r.v.s,
namely the fact that the time for the first hit in a Poisson point process of
intensity µ is an exponentially distributed r.v. of rate parameter µ. Thus, by
“intensity of the Poisson process between A and B” we mean “the rate of the
exponentially distributed r.v. corresponding to the first meeting time between
A and B”. In order to simplify the presentation of the statements, by the
observation made in the beginning of the proof of Lemma 1, we will assume
that δ = ω(log n/n).
9.1 ` hops
First we consider the case of FM* routing with ` ≥ 2 (` constant) hops and 2
copies only. We denote by T1 the random variable counting the time it takes for
S to meet the first node out of {R1, . . . , Rn, D}. Denote by Rr(i) the ith node
met by S, and, for i = 2, . . . , `− 1, let Ti be the random variable counting the
time it takes for Rr(i−1) to meet Rr(i) (we assume that if D was met already in
previous steps, then Ti = 0). T` finally is the random variable counting the time
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it takes for the first out of {S,Rr(`−1)} to meet D (if D was met in previous
rounds then T` = 0).
In the case of social oblivious mobility, we have E[T1] = 1λ(n+1) , E[Ti] ≤ 1λn
for i = 2, . . . , `−1 and E[T`] ≤ 12λ . By a similar discussion as in Subsection 6.1,
E[T soFM∗ ] ≤ 12λ (1 + o(1)). However it is possible to show that the probability
that r.v. Ti, i = 1, 2, . . . , ` is zero is negligible and, hence, we are able to state
that E[T soFM∗ ] = 12λ (1 + o(1)).
In the case of interest-based mobility, we first need the following lemma:
Lemma 5. There exist constants α > 0 and β > 0 such that with probability
at least α the first `− 1 vertices that serve as intermediate hops all make up an
angle of at most `−1βδ with S.
Proof. As in Section 6.2, we partition the interval [0, pi/2] into subintervals
of length δ and we extend Lemma 1 by showing that the probability that node
Rr(1) is chosen from the i-th subinterval is at least
2δn(1− η)(1− )(k cos(iδ) + δ)/pi
(1 + ν)n(2k/pi + δ)
.
For i ≤ 1100δ , this probability is at least δc for some constant c > 0. Choose
β = β(`) to be a sufficiently large constant. Thus, the probability that Rr(1) is
in the first 1βδ subintervals, is at least η1 for some η1 > 0. By conditioning under
this, by a similar argument as in Lemma 1, we can prove using Theorem A.1.15
of [1], that, with high probability, the intensity of the Poisson point processes
between S (or the chosen node Rr(1) in the first
1
βδ subintervals) and all nodes
whose angle w.r.t. the destination is to the right of these subintervals is at least
Ω(n).
We now recall that all vertices closer to D than Rr(1) are possible next hops.
Using this observation, we now iterate the previous reasoning: with probability
at least η2 the second node Rr(2) is among the first
2
βδ subintervals (and not
among the first 1βδ subintervals), and in general with probability ηi the node
Rr(i) is among the first
i
βδ subintervals, for any i = 1, . . . , ` − 1. Therefore,
with probability at least α :=
∏`−1
i=1 ηi, the first `− 1 intermediate vertices form
angles of at most `−1βδ with S, thus proving the lemma. 
The following is an immediate consequence of the previous lemma.
Corollary 1. With probability at least α > 0, D is not yet found among the
`− 1 vertices that serve as intermediate hops.
The following lemma extends Lemma 1 to the case of ` hops.
Lemma 6. E[T`] ≥ c log(1/δ) for some positive constant c.
Proof. The proof of the Lemma first uses Lemma 5, that implies that nodes
R1, . . . , R`−1 all make an angle of at most `−1βδ with probability at least α. Thus,
conditioning under this event, we apply a similar argument as in Lemma 1:
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denoting by Ej the event that node Rj is in subinterval ij , and denoting by
E1(`−1) the event that E1 ∧ . . . ∧ E`−1. Then there exist constants c0, c1 > 0
such that
E[T`] ≥
`−1
βδ∑
i1=1
. . .
`−1
βδ∑
i`−1=i`−2
E[T`|E1(`−1)]P[E1(`−1)]
=
`−1
βδ∑
i1=1
. . .
`−1
βδ∑
i`−1=i`−2
E[T`|E1(`−1)]
P[E1]P[E2|E1] . . .P[E`−1|E1 ∧ . . . ∧ E`−2]
≥
`−1
βδ∑
i1=1
. . .
`−1
βδ∑
i`−1=i`−2
1
(ki`−1 + 1)δ
e−1(c0δ)`−1
≥ c1e−1
`−1
βδ∑
i`−1=i`−2
1
(ki`−1 + 1)
,
and therefore E[T`] ≥ c log(1/δ)) for some positive constant c. 
By combining Corollary 1 and Lemma 6, we have proved the following:
Theorem 4. E[T ibFM∗ ] = Ω(log(1/δ)).
9.2 q copies and ` hops
We now discuss how to extend the model of ` hops to the model where q ≥ 2
copies of a message are used. We assume without loss of generality that q = 2w
for some natural number w, and we assume that the copies of the message are
forwarded between the hops in the following way: whenever a node contains
2s, s ≥ 1 copies of a message and meets another node different from D, in the
independent mobility model it always gives to that node 2s−1 copies of that
message. In the interest-based mobility model it gives to that node 2s−1 copies
only if that new node is closer to D than all previous hops containing some
copies of the message. We also assume that all vertices keep the last copy for
itself and deliver it only if D is met; therefore the number of hops is bounded
by log2 q.
We start with the following straightforward observation.
Observation 1. The number of relay nodes (excluding S) is at most `−1, and
exactly `− 1 if D is not among them.
We define the Poisson point process between two vertices U and V , U, V ∈
{S,R1, . . . , Rn, D} as active at time t if at time t node U has more than one
copy of the message, V does not yet have a copy, and V is closer to D than all
vertices containing already copies of messages. Define by T1 the random variable
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counting the time it takes for S to meet the first out of {R1, . . . , Rn, D}. Ti,
i = 2, . . . , q − 1 is the random variable counting the time of the first meeting of
all active Poisson point processes at time T1+. . .+Ti−1 from time T1+. . .+Ti−1
onwards (Ti = 0 if D has been met before). Tq is the random variable counting
the time of the first meeting of all Poisson processes between vertices that have
one copy of the message at time T1 + . . . + Tq−1 and D (Tq = 0 if D has been
met before).
Observe that for the FM* routing algorithm in the social oblivious mobility
model we have E[T1] = 1λ(n+1) , E[Ti] ≤ 1λ(n+1) for i = 1, . . . , q − 1, and E[Tq] ≤
1
qλ . By the same argument as in Subsection 9.1, we can show that E[T
so
FM∗ ] =
1
qλ (1 + o(1)). Thus, in this model the expected message delivery time is for
q > 2 a smaller constant.
Now we consider FM* routing in the interest-based mobility model. Call
Rr(1), . . . , Rr(m−1) the intermediate vertices in order of their appearance, i.e.,
Rr(i) contains at least one copy of the message from time T1 + . . . + Ti on, for
any i = 1, . . . ,m− 1.
Lemma 7. With probability at least α > 0, D is not among the first m−1 hops
containing at least one copy of the message.
Proof. We first observe that Lemma 5 also applies in the case when we
consider Poisson point processes between any node out of {S,Rr(1), . . . , Rr(i)}
(chosen from the first iβδ subintervals) and a node to the right of Rr(i): no matter
which node is chosen out of {S,Rr(1), . . . , Rr(i)}, the probability of choosing one
node from the subinterval following Rr(i) is still Θ(1/δ), since the total intensity
of all Poisson point processes between Rr(i) and the vertices to the right of Rr(i)
is still Θ(n). Thus, by considering the 1βδ subintervals following Rr(i), we can
show that, with constant probability, the next node Rr(i+1) belongs to these
subintervals.
By multiplying all constants of all q− 1 steps, we can show that, with prob-
ability at least α, all q − 1 intermediate vertices form an angle of at most q−1βδ
with any node out of {S,Rr(1), . . . , Rr(i)} and thus with at least that probability
D is not among these q − 1 vertices. 
We are ready to state our main lemma.
Lemma 8. E[Tq] = Ω(1/δ).
Proof. The proof uses Lemma 7, that states that, with probability at least
α, all out of Rr(1), . . . , Rr(q−1) make an angle of at most
q−1
βδ with S. Observe
that if the Poisson point process between Rr(q−1) and D has at most certain
intensity µ, all other Poisson point processes between Rr(i), i = 1, . . . , q− 2 and
D and also between S and D also have intensity at most µ. Moreover, these
Poisson point processes are independent, and their superposition gives rise, by
Fact 1, to a new Poisson point process with intensity at most qµ. Thus, arguing
as in Lemma 6, we can split the value of E[Tq] according to the subintervals of
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length δ to which belong Rr(i) (assuming that all of them are among the first
q−1
βδ subintervals) obtaining
E[Tq] ≥ c1e−1
q−1
βδ∑
iq−1=iq−2
1
q(kiq−1 + 1)
,
and thus E[Tq] ≥ c2 log(1/δ)q . Since q is assumed to be constant, E[Tq] = Ω(1/δ).

Finally, combining Lemma 7 and Lemma 8, we can show the following the-
orem that assumes q copies and `, ` = log2 q hops:
Theorem 5. E[T ibFM∗ ] = Ω(log(1/δ)).
We remark that the theorem also holds if ` > log2 q.
10 Discussion
The analysis reported in this paper discloses several interesting insights on the
expected routing performance in large-scale PSNs. In particular, IB(γ) routing
is shown to lead to bounded worst-case expected message delivery time inde-
pendently of the underlying mobility model. In case of social oblivious mobility,
IB(γ) routing has the same asymptotic performance as FM routing (see Proposi-
ton 1 and Theorem 2). In case of interest-based mobility, IB(γ) still leads to
bounded worst-case expected message delivery time for any value of γ such that
0 < γ < 1 (Theorem 3). Thus, we can conclude that asymptotic IB(γ) perfor-
mance is acceptable (bounded worst-case expected delivery time), and it is only
marginally influenced by the underlying mobility model. On the other hand,
FM routing performance is heavily influenced by the mobility model: with so-
cial oblivious mobility, FM routing provides provably better performance than
IB(γ) routing, although only of a constant factor. However, with interest-based
mobility FM routing leads to unbounded worst-case expected message delivery
time (Theorem 1) as long as δ (modeling the probability of casual meeting
between strangers) goes to 0 as n grows, as it is reasonable to expect in a real-
world scenario. Thus, in these conditions there is an asymptotic gap between
the performance provided by FM and that achieved by IB(γ) routing.
It is interesting to observe that the asymptotic behavior of the two routing
approaches does not depend on the number of copies of the message and/or hops
allowed in the routing protocol, as long as these do not depend on n. Actually,
we have proven that even a smarter version of FM routing in which messages
are forwarded only along a path with strictly increasing interest similarity with
respect to the destination (a´ la delegation forwarding) has the same asymptotic
performance as FM routing. Thus, we have formally proven that a strict similar-
ity forwarding criteria in which a certain minimal similarity to the destination
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is required for forwarding, as in IB routing, is needed to provide asymptotic
performance benefits over FM routing in case of interest-based mobility.
Which are the implications of our findings for practical routing protocol de-
sign? A first obvious implication is that interest-based routing tends to perform
better than what we can call “oblivious” routing, such as FM. Note that the
benefits of interest-based routing, which is a form of social-aware routing, are
not due to exploitation of rich state information at the nodes, but to the ba-
sic forwarding mechanism itself. Thus, our results formally prove superiority
of social-aware forwarding over social oblivious forwarding mechanisms. Ac-
tually, the benefits of social-aware forwarding become tangible (in asymptotic
terms) if meeting rates between nodes are correlated to similarity of their inter-
est profiles. However, estimating this correlation can be difficult in a real world
scenario. Our results suggest that using IB(γ) routing is the most conservative
choice also in this situation: in fact, a somewhat potential performance degra-
dation w.r.t. FM routing in case of social oblivious mobility is outweighed by
the fact that IB(γ) routing, differently from FM routing, provides acceptable
performance also in case of interest-based mobility.
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